Abstract-This paper presents an alternative vector analysis of the electromagnetic (EM) fields radiated from electrically small thin square and rectangular loop antennas of arbitrary length 2a and width 2b . This method employs the dyadic Green's function (DGF) in the derivation of the EM radiated fields and thus makes the analysis general, compact and straightforward. Both near-and far-zones are considered so that the EM radiated fields are expressed in terms of the vector wave eigenfunctions. Not only the exact solution of the EM fields in the near and far zones outside the region (where r > √ a 2 + b 2 ) is derived by use of spherical Hankel functions of the first kind, but also the closed series form of the EM fields radiated in the near zone inside the region 0 ≤ r < b is obtained in series of spherical Bessel functions of the first kind. The two regions between the radial distances b and √ a 2 + b 2 which are defined as intermediate zones are characterized by both the spherical Bessel and Hankel functions of the first kind. Validity of the numerical results is discussed and clarified.
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INTRODUCTION
Thin circular loop antennas carrying different forms of the currents and their radiation characteristics have been extensively investigated and well-documented by many researchers in over the last several decades, e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , to the authors' knowledge. The radiation characteristics of circular loop antennas can be readily found from antenna text books [21, 22] . However, literature on polygonal loop antennas located in freespace is limited [23] [24] [25] [26] [27] [28] . It was cited in [25] that "theoretical analysis seems to be unsuccessful" for rectangular loops and therefore further analysis of the rectangular loop antennas has received less attention. In [24] , the rectangular loop antennas were modeled as a dipole and the work was extremely complicated and radiation patterns were not given. In [23] , only experimental techniques and measurements were presented. Recently, Jensen et al. presented their work [26] on rectangular loops as an extreme case in their analysis, where superquadric geometries were used to model the rectangular perimeter. In [21] , only approximated current distribution is used to show the radiation patterns in far zone whereas in [22] , a constant current was treated in the problem. For the near-zone fields, none has been reported in the literature, to the authors' knowledge. This is partially due to the difficulty in evaluating integrals analytically. Therefore, this paper aims to present exact solutions of the electromagnetic fields in both near, far and intermediate zones using the DGF technique for the square and rectangular loop antennas. Fig. 1 shows the geometry of a thin rectangular loop antenna located at z = 0 . The current distribution along the loop, i.e, I 0 , is assumed to be constant for electrically small loop antennas.
GENERAL FORMULATION OF EM RADIATED FIELDS
The detailed formulation of the EM radiated fields of circular loop antennas has been shown in [19, Eqs. (1)- (7)]. In view of this, the authors will not repeat the procedure. The inner, outer and intermediate regions defined in this paper are depicted in Fig. 2 . Given the constant current distribution, we can obtain the EM field expressions for the four zones after substituting spherical dyadic Green's functions into the field representation as follows:
where j n (k 0 r) and h (1) n (k 0 r) are the spherical Bessel and Hankel functions of the first kind, respectively, P n (cos θ) is the Legendre function, and the normalization coefficient D n of Legendre polynomials is defined by
The coefficients of the EM fields are expressed by
which are listed in Appendix. 
NUMERICAL RESULTS
For square loop antennas, intermediate length 2a and width 2b are equal and therefore, only one intermediate region exists. As a result, E 2 and H 2 disappear whereas E 1 and H 1 are applicable in characterizing the fields in the intermediate region. The EM fields in inner, outer and intermediate regions for square and rectangular loop antennas are obtained using the DGF. Four hundred terms are considered for the numerical computation of the summation of the spherical Bessel and Hankel functions (i.e., with respect to the index n) for which convergence has been satisfactorily achieved. The power intensities in 3-D plots over the regions of the rectangular and square loop antennas are depicted in Figs. 3 to 8 , respectively. The figures clearly show that the magnitudes of field intensities increase as the observation point moves closer to the source and decreases as it moves away. Besides, it is obvious that the directivity increases too, as the observation point gets closer to the source. All these observations, by instinct and intuition, are correct. At the coordinate origin (center of the square loop), the electromagnetic fields become null, which is in agreement with the result of the Bourt theorem for magneto-static cases. Due to the sym- 
CONCLUSIONS
This paper characterizes the radiated electromagnetic fields within the inner, outer and intermediate regions in the near-zone due to thin square and rectangular loop antennas. To obtain the exact expressions of the electromagnetic fields in the near, far and intermediate regions, the dyadic Green's function in spherical coordinates is utilized and the radiation patterns due to rectangular/square loops carrying a uniform current distribution are plotted. Some new results of antenna patterns are also presented in the paper in the near zones and necessary discussions are made.
APPENDIX. EXPLICIT EXPRESSIONS OF COEFFICIENTS OF THE SERIES
The intermediate expressions of the coefficients defined in (1a)-(1c) are determined as follows: 
